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PROTEIN KINASES 

This invention is related to the one or more 
inventions described in British Patent Applications Nos. 
9224057.1, filed 17th November 1992; 9304677.9 and 
9304680.3, both filed 8th March 1993; 9311047.6, filed 28th 
May 1993; 9313763.6, filed 2nd July 1993; and 9316099.2, 
filed 3rd August 1993. In particular, this invention 
relates to nucleotides, proteins obtained by expression 
therefrom and antibodies raised to peptides derived from 
the sequence, e.g. by the means described in the 
Application No. 9304680.3. 

The earlier Applications relate, inter alia, to 
kinases denoted ALK-1 to ALK-6 . The complete cDNA 
sequences for mouse ALK-1 and ALK-4 are included herein 
(see pages 14 and 15) . Mouse ALK-1 (clone name AM6 with 
1.9 kb insert) was obtained from a mouse placenta XZAP II 
cDNA library (obtained from Hideo Toyoshima) , using human 
ALK-1 cDNA as a probe. Mouse ALK-4 (clone 8al with 2.3 kb 
insert) was also obtained from the mouse placenta XZAP II 
cDNA library, using human ALK-4 cDNA library as a probe. 




Transforming (growth factor <TGF)-p" and activln exert their cellular 
effects by forming heteromerlc complexes or type I (53 tcDa) and type II 
(8ft kDa) recepiors 1 ' 3 . The TGF-P type I receptor cannot bind Ugand In 
the absence of the type II receptor, and the TGF-(S type II receptor cannot 
transduce aignalk without the type I receptor****. The type II receptors for 
TCIF.fi (T&r'Ai)* and acttvin (ActR-II' and ActR-IIBl»»") ar e 

* 

serine/threonine! kinases. Moreovar, we"*" and others* 4 - 17 have recently 
identified m series of serine/threonine kinase receptors of sizes 
corresponding to type T receptors. Of these receptors, denoted nctivin 
receptor-like kinase (ALK)-I to -6 by us, ALK-5 has been shown to be a 
functional TctF-p type I receptor^. Here, we have systematically 
investigated the -abilities of ALKs to serv. as type I receptors for TGF-3 
and activin. Oar results revealed that ALKs can form heteromeric 
complexes with TJSR-II and ActR-II afUr co-transfection Into COS cells; 
however, only ALK-5 is a functional TGF-JJ type I receptor with regard 10 
induction of plasminogen activator inhibitor (PAl)-l. and ALK-2 and 
ALK-4 are high jafTlnity activin typo I receptors. 

We have previously identified five novel seriue/chreonme kinase receptors, termed 
ALK-l to -5 l2 - l3 ..A sixth clone termed ALK-6 was obtained by screening a 12 day 
mouse embryo cDtf A library using u probe from a part of the kinase domain of ALK-4 
under low stringency hybridization conditions (Fig. la). A typical hydrophobic leader 
sequence is not observed in the N-ierminus of the translated region; however, the ALK-6 
protein is efficiently expressed at the cell surface (see below). Northern blot analysis 
revealed a limited expression profile; a transcript of 7.2 kb was found in mRNA from the 
brain and a very v^eak hybridization was seen with mRNA from the lung (Fig. lb). 
Mouse ALK-6 is oiost similar to human ALK-3, but cloninc and sequence analysis of 
mouse cDNA for ;ALKO (our unpublished data) Indicate that ALK-6 is a novel 
scrlne/uireonine kinase receptor. A phylogcnctic tree based on the similarities between the 
kinase domains of ALKs and other mammalian serine/threonine kinase receptors*-" Is 



i. • 



shown in Fig. lei ALKs are more similar to each other than to the TGF-0 and activin 

type II receptors! [The calculated molecular weights of ALK-1 to -6 are 53,600-57,500, 

■ i 

i.e. smaller than those of the type II receptors, and similar to the reported sites for type I 
receptors 9 * 18 . Moreover, ALK-2 (Tsk-?L) t4 and ALK-5 13 have recenUy been shown to 
form heteromeric complexes with TPR-II and to bind TGF-p. We therefore 
systematically investigated which ALKs can act as type I receptors for TGF-P and 
acdvln. 

Affinity cross-linking studies using i23i.TGF.pl revealed that COS-1 cells 
express low or not detestable levels of TGF-P type I or type II receptors (data not 
shown). Transfection of cDNAs for ALKs Into COS-1 cells did not show any 
appreciable binding of ! 2 *I-TGF-Pl (data not shown), consistent with the previous 
observation that cylpe I receptors do not bind TGF-P in the absence of type It receptors*" 
6. When the TpR-tT cDN'A was co-iransrected with cDNAs for the different ALKs. type I 
receptor-like complexes were seen, at different levels, in each case. COS -I cells 
tmnsfecicd with TpR-II and ALK cDNAs were analyzed by affinity cross-Unking 
followed by itnraanoprecipitation using specific antisera against TPR-II (Fig. 2a) or 
ALKs (Fig. 2bi. Each one of the ALKs bound >«l-TGF-Pl and was 
coimrouuoprecipitated with the TpR-lI complex using an antiserum aguinit TPR-II (Fig. 
2a). Comparison of the efficiency of the different ALKs to form heteromeric complexes 
with TPR-n. revealed ihat ALK-5 forrr.sd such complexes more efficiently than the other 
ALKs. The size of the cross-linked complex was larger for ALK-3 than for other ALKs, 
consistent with iujillghtly larger size (Fig. t«). When the cross-linked complexes were 
immunoprecipitatid by antibodies specific for the different ALKs, each one of the ALKs 
was immunopredpttated in complex with TpR-H (Fi B . 2b). Also in this analysis. ALK-5 
formed a heteromeric complex with TpR-Il more efficiently than the other ALKs. 

Two different approaches were used to elucidate which ALKs are physiological 
type I receptors dor TGF-p. First, we investigated which ALK* serve as TGF-P type I 
receptors in non-mxnsfected, TGF-p.responsive cell lines. Several different cell lines 
were affinity labeled with nsi-TGF.pl. cross-linked and immunoprecipitatcd by anrisera 




against different AIJCs. Only the anrisen against ALK-5 efficiently Imrnunoprecipicated 
the cross-linked type 1 and type Tt receptor complexes in a mink lung epithelial cell line 
(MvlLu). porcineilorec endothelial (PAE) cells (Fig. 26) and human foresicin fibroblasts 
(data not shown), i 1 

We next investigated whether ALKs restore the responsiveness to TGF-(S In the R 
mutant of MvlLu cells, which lack ligand-binding ability of the TGF-3 type t receptor, 
but have intact type 11 receptor 4 . The R mutant cells were transfectcd with the cDNA for 
ALKs or a control plasmid. and tested for the production of PAl-l after the addition of 
TGF-pl. As we haVe previously reported 13 , the wild type mink cells and the R mutant 
cells transacted with the ALK-5 cDMA responded to TGF-3 1, and produced a 
characterisdc 45 kDa PAI-l protein In the extracellular matrix (Fig. 2d). In contrast, the R 
mutant cells that were transfectcd with other ALKs did not produce PAM upon the 
addition of TGF-3 L Thus, only ALK-5 was able to form a signalling TGF-3 receptor 
complex with regard to PAM induction 1 , we therefore suggest that it should be named 
TpR-T. 

Using similar approaches as those described above for the identification of TGF-3 
binding ALKs, we then investigated whether ALKs bind activin in the presence of AciR- 
II. COS-1 cells were transfectcd with the cDNAs for ALKs and ActR-lI, affinity labeled 
a^d cross-linked win li5 i-aciivin A. All ALKs appear to bind activin A in the presence 
of ActR-Il (Fig. 3a). This could be more clearly demonstrated by affinity cross-linking 
followed by irnmurioprecipitation using antUera. against ActR-U or Al~Ks. Ai-K-2 and 
ALK-4 bound lis £-actwin A and coimmunoprecipitnted with ActR-II by the antiserum 
against AciR-II or jALKs (Fig. 3b). Other ALKs also bound "*I-*utivm A, but with 
lower efficiency compared to ALK-2 and ALK-4. 

In order to investigate whether ALKs are physiological activin type 1 receptors, 
we attempted to identify endogenous activin type I receptors expressed in activin* 
responsive cells. N^vlLu cells as well ax the R mutant express both type I and type II 
receptors for acdvini, and the R mutant cells produce PAM upon the addition of ucftvin A 
(data not shown). MvlLu cells were labeled with i«l-»ctivln A, cross-linked and 



immunoprecipitated by the antisera against ActR-II or ALKs. The type I and type II 
receptor complexes in MvlLu cells were immunoprccipitated only by the antiser* against 
ALK-2, ALK-4 arid ActR-II (Fig. 3c). Similar results were obtained by the R mutant 
cells (data not shown). PAE cells do not bind acrivin because of the lack of type II 
receptors for actiyln; however, after transfection of a chimeric receptor containing the 
extracellular domain and the C-terminal tail of ActR-II and the kinase domain of TpR-IL 
the cell* (PAE/Chim A) bound i^I-aesvin A and were growth inhibited by the addition 
of aetivin A (our unpublished data). Similar to MvlLu cells, acdvin type I receptor 
complexes in PAE/Chim A cells were immunoprecipitated by the ALK-2 and ALK-4 
antisera (Fig. 3c). these results indicate that both ALK-2 and ALK-4 act *s physiological 
type I receptors forjacrivin in these cells. 

There arc no known established cell lines that lack type I receptors or both type I 
and type II receptors for aetivin. \f there are two types of ActR-T, i.e. ALK-2 and ALK- 
4, which are widely expressed 1 J , such cell types might be difficult to find. We, 
therefore, could not study the restoration of aetivin signals by :he transfection of ALKs. 
After submission of this manuscript. A'.tisano «rr<:/. 16 reported the cDN'A cloning of 
ALK-i (TSR-i) and ALK-2 (ActR-I) and binding of acrivin to both of them. Moreover, 
using the R mutani clone R.1B. they showed that ALK-2. in combination with ActR-n, 
transduced an activin-induced cranscripriocial response. We found that the R mutant clone 
4-2 bound aetivin A and produced PAl-i upon stimulation with aetivin A without 
transfection of ALKs or ActR-Jl cDNA (data not shown). Since both ALK-2 and ALK-4 
served as high affvvty type I receptors for aetivin A in MvlLu cells and the PAE/Chim A 
cells, we suggest toi term them ActR-lA and ActR-IB, respectively. 

The bindinl of TGF-JJ! and aetivin A to the different ALKs is schematically 
illustrated in Fig. 4; There exists no cross-binding between TGF-fS and aetivin to the type 
II receptors 9 - lu . IhJ contrast, binding of the tigands to type I receptors (ALKs) are less 
strict, and they can bind TGF-01 and activtn in the presence of the respective type II 
receptors. The ALKs which are most similar in their structures, do not necessarily bind 
the same ligands. 'ifor example, ALK-4/ActR-IB and ALK-5/rpR.I are highly similar to 



References i I 

1 . Masiague\ : J. Cell 69, 1067-1070 (1992). 

2. Lin. H.Y. & Lodlsh, H.F. Trends Cell Biol. 3 t 14-19 (1993). 

3. Miyazono.; K.. ten Dijke. P., Ichijo, H. ic Heldin, C.-H. Adv. Immunol, in press 
(1994). 

4. Uiho. M., jWeis. F.M.B. <Sc Mimgutf, J. /. Biol Chem. 265, 18318-1 8324 
(1990). 

3. Uiho, M., V/cis. F.M.B.. Boyd, FT., Ignoa. R.A. & Mas*ague\ J. J. Biol. 
Chem. 266,19108-9112 (1991). 

6. Wrana, J.t.;, Attisano. L.. Circamo, J., Zenfella. A.. Doody. J,, Uiho, M., 
Wang, X.-Fy & Massague\ J. Cell 71, IOO3-1014 (1992). 

7. Inagaki. M.. Moustakas. A.. Lin. H.Y., Udish, H.F. & Carr. B.L Aroc. rVarf. 
Acad. 5c:. V.5.A. 90, 5339-3363 (1993). 

8. Lin, H.Y., Wang. X.-F., Ng-E«on, E„ Weinberg, R.A. <fe Lodish. H.F. Celt 
6X, 773-783, (1992). 

9. Mathews. Lis. & Vale, WAV Cell 65, 973-982 (1991). 

10. Attisano, L., Wranu, J.L., Cheitecz. S. & Ma«ague\ J. Cell 6X, 97-108 (1992). 

1 1. Mathews. L.S., Vale. W.W. & Kintncr, C.R. Sci*«c* 255, 1702-1705 (1992). 

12. ten Dijke. P., Ichijo. H.. Franzdn, P., Schulz, P., Saras. J.. Toyoshima. H., 
Heldin, C-lt &. Miyaxono, K. Oncogene 8, 2879-2887 (1993). 

13. Tranzcn, P'.J ten Dijke, P., Ichijo. H., Yamashita. H.. Schulz. P.. Heldin. C.-H. 
Sl Miyaaond. K. Cell in press (1993) . 

14. Ebncr. R.,; .Chen, R.«H.. Shum, L.. Lawler, S., Zioncheck, T.F.. Ue, A., 
Lopez, A.RJ & Derynek, R. Science 260, 1344-1348 (1993). 

13. Matsuzakij K., Xu, J., Wang, F., McKeehan, W.L., Krummen, L. & Kan, M. 

J. Biol. Ch'ept. 268 T 12719-12723 (1993). 
16. Attisano. La Cdrcamo. J., Ventura, F., Weis, F.M.B., Ma.«agu«S, J. & Wrana, 

J.L. Cell in press (1993). 



17. He, W.W.„ Oustafson, MI,, Hirobe, S. & Donahoe, P.K. Dev. Dyn. 196, 
133-142 (if93). 

18. Cheifecz, "SL Andres, J.L. & Massague\ J. /. fitof. Chtm. 263, 16984-16991 

(1988). ' ; 

19. von Heijne- G. Nucl. Acids Res. 14, 4683-4690 (1986). 

20. Kanraki, Ti. Olofsson, A., Mordn, A., Wemstedt, C, Hellman, U,, Miyazono, 
K., Claessoh-Welsh, L. & Heldin. C.-H. Cell 61. 1051-1061 (1990). 

21. Pal&zzolo, MJ. et ol. G<n* 88, 25-36 (1990). 

22. Sa-ngcr, F.,:Nicklen, S. Si CouUon, A.R. Proc. Natl. Acad. Sci. USA. 74, 
5463-5467 (1977). 

23. Laiho. M.; ROnnstrand, L.. Heino, J., DeCapno. J.A„ Ludlow, J.W., 
Livingston.': D.M. Sc Massague*, J. Mol. Ctli Biol. 11, 972-978 (1991). 

24. Tructt, M.A. er al. DNA 4, 333-349 (L98S). 

25. Frolik, C.A.. Wukefield, L.M.. Smith, D.M. <fc Sporn, M.B. J. Biol. Chem. 
259, 10995M1000 (1984). 

26. Blobcl, G. & Dobbersccin. B. /. Cell Biol. 67, 335-851 (1975). 

27. Ouilick. W.J., Downward, J. & Waterfield, M.D. EMBO J. 4, 2869-2877 
(1985). 

28. Hammachcr, A., Hellman, L\. Johnsson, A., Ostman, A., Gunnaxson, K., 
Wcstcrmarlc, B., Wastescn, A. & Heldin, C.-H. J. Biol. Chtm. 263, 16493- 
1649S (1988). 

29. Jchijo, R.Tamashita. H.. ten Dijke, P.. Eto, Y.. Heldin, C.«H. Sc Mlyazono. K. 
Biochem. Biophys. Res. Commun. 194, 15H8-1514 (1993). 

i f 

ACKNOWLEDGEMENTS. We thank Y. Eto (Ajinomoto Co., Inc.. Japan) for 
providing recombinant human activin A. H. Olvashi (Kirin Brewery Co., Ltd, Japan) for 
recombinant humin TGF-(3l, Kari Aiitalo for a mouse eDNA library. L. Mathews and 

! i 

W.W. Vale for mouse ActR-II cDNA, and Danny Huylebroeck for valuable discussion. 
We alto thank Anita More*n and Susanne Grimsby for technical assistance, and UUa 



»t .Available Copy 



Engstrom and .Chrisier Wernstedt for preparing the synthetic peptides and 
olif onueleoridcs* respectively. Nucleotide sequence of mouat AUC-6 is deposited in 
EMBL/GenBarUc dkta library (accession number 233143). 

• 

: k 
i I 

It ■ - 



If 



' 1 



! > 



I 



t Available Copy 



and two rimes for '30 min with 0.3 x SSC, 0.1% SDS. The filter was then subjected co 
autoradiography. \ 

«' }ga&.. ; 

£. ; .Jgg. ! ; 

FIG. 2. Sibling dflTOF-Pl to ALKs (a-c) and transduction of a TGF-p signal by ALKs 
in the TGF-|J ttpVl receptor deficient cells (d). a and COS-1 cells were transfected 

--■ ,-- ...... . !■ 

with cDNAj forTpR-n and ALKs, and affinity labeled with l25 £-TGF-pl in the 
presence or absence of excess unlabeled TGF-&1 (cold TGF-(3l), followed by cross* 
linking and immunoprecipitarion using [he antisera against T(SR-II (a) or ALKs (b). The 
T£R-II antiserum was used for the ALK cDNA (-) in (b) Each lane in (b) was analyzed 
in the same gel and subjected to exposure for an equally long rime, c, Identification of the 
TGF-p prjje I rtcjpi^^omplex on MvlLu cells and PAE cells. The cells were affinity 
labeled with ii$I«TGF-p I and cross-linked, followed by immunoprecipitation using 
anrisera specific for ALKs. The cros*- linked complexes from PAE ceils were also 
subjected to imr»uaoprecipita:ion usinj :heT(3R-II antiserum, d, TGF-(J induced PAl-l 
production was tested in wild type (vVT) MvlLu cells or in the R mutant cells after 
transfecrion of cDt^As for ALKs. PAM was observed as a characteristic *5 kDa band- 3 . 
METHODS. Transient expression plasmids of ALK-1 to -6 and TfSR-II were generated 
by subcloning into the pSV7d expression vector^ 4 or .nto the pcDNA 1 expression vector 
(Inviirogcn). For transient transfecrion. COS-1 cells (American Type Culture Collection) 
were transfected vliih 10 y.g each of plasmids by a calcium phosphate precipitation 
method using a mammalian transfection kit (Stratagene). following the manufacturer's 
protocol. Recombinant human TGF-fJl was iodinated using the chloramine T method 23 . 
Cross-linking and tmtnunoptecipitation were performed as previously described 1 ^. The 
samples were analyzed by SDS-gel electrophoresis** and autoradiography. Rabbit 
anrisera against AliiC-S and T(3R-I1 were made against the intracellular juxtamembrane 
pan of ALK- 5 and;the C'terminal part of TflR-IT. respectively, as previously reported* 3, 
Anrisera against ALK- 1, 2, 3, 4, and 6 were raised against synthetic peptides 
corresponding to the amino acid sequences of the intrncellular juxtamembrane parts of 
ALKs; ALK- 1 pejtide. R(145)RQEK QRGLH SELGE SSL1L KA; ALK-2 peptide, 



R<131)RNQE RiNPR DVEYO TIEOL IT; ALK-3 peptide, K(l81)SrSS RRRYN 
RDLEQ DEAFIi*V; ALK-4 peptide. Q(153)RVYH NRQRL DMEDP SCEM; ALK.-6 

i 

peptide, KCISDRQEA RPRYS IOLEQ DET. The symhedc peptides were coupled to 
keyhole limpet hebiocynnin (Calbiochem-Behrtng) using giutaraldehyde^. The coupled 

pepridea were mfcied with Freund's adjuvant and used to immunize rabbits*!. For FAI-l 

i 

assay, the R mutim of MvlLu cells (clone 4-2) were transfected with 10 \ig of plasmids 
containing cDNAi for ALKs or a control plasmid (ALK cDNA - in the R mutant) by the 
calcium phosphate} precipitation method. Trunsfected cells were incubated with or without 
16 ng/ml of TGF;0i for 2 h in sarum.frte MCOB 104 without methionine, and then 
labeled with ( 33 S jmethionine (40 p.Ci/ml) for 2 h. Extracellular matrix proteins were 
prepared as described previously 23 , and analyzed by SDS-gel electrophoresis using 8% 
polyacrylamide gels followed by fiuorography using Amplify ( Amersham). 

FTC. 3. Identification of activin type I receptors, a, COS-1 ceils were co-transfected with 
cDNAs for ALKs and ActR-II and analyzed for binding and cross-linking of ,23 I-activin 
A in the presenceiOr absence of excess unlabelled acdvin A (cold activin A), b. The cross- 
linked complexes were subjected to imrrunoprccipitation using anrisera against ActR-II or 
ALKs. c. Binding and cross-linking of t23 Nactivin A to MvlLu cells and PAE/Chim A 
cells were analyzdd before (antiserum; •) or after immunoprecipicauon using antibodies 
specific for ALKs. Antisera used in (bi and (c) are shown as: 11, ActR-U antiserum; I to 
6; ALK-1 to -6 anjisera. 

METHODS. Transient expression plasmids of ActR-TI were generated by suctioning into 
the pSV7d vector^. An antiserum against ActR-TT was prepared against the C-terminal 
pan of the AcrR-II protein 19 . Recombinani human activin A was iodinated using the 
chloramine T method 9 . Autoradiographies were analyzed by Fhosphorlmager (Molecular 

i ! 

Dynamics). For thje generation of PAE/Chim A cells, a plasmid {chira A) contuining the 
extracellular dornain and C-cerminal tail of ActR-ll (amino acids - \9 to 116 and 465 to 
494, respectively,, according to Ref. 9) and the kinase domain of TJ3R-1I (amino acids 
160 to 543 according to Ref. K) was constructed and transferred into pcDNA I/neo 
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